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Solitary phase-space holes in pair plasmas
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We present theoretical and computer simulation studies of the formation and dynamics of solitary phase-
space holes in pair plasmas, which can be applied to both electron-positron plasmas and to plasmas containing
positively and negatively charged macroions or macroparticulatesged dust grainswWe apply our numeri-
cal treatment to the parameters used in a recent series of experiments in a pair ion plasma whose constituents
are negatively and positively charged fullerene carbon nanotubes. New experiments should be conducted to
confirm our theoretical and numerical predictions.
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I. INTRODUCTION dependent Vlasov-Poisson equations in order to understand
the complex dynamics of nonlinearly interacting phase-space
Nonthermal pair plasmd4—4] are ubiquitous in semicon- holes in an ion plasma. It should be stressed that the under-
ductors in the form of electron and ion holes, in many astrodying physics of propagating ion holes in our pair ion plasma
physical environmentéfrom pulsars to quasarsas well as  (with equal ion temperatures and nonisothermal distributions
in the early universe and in active galactic nuclei, in our ownfor the two ion species having the same massignificantly
galaxy and in supernova remnants in the form of electronglifferent from the ion holes in an electron-ion plaspi&],
and positron$5]. Laboratory astrophysics studigd involv- ~ where one assumes nonisothermal ions and Boltzmann dis-
ing superstrong laser pulses may also encounter electrotigbuted electrons, and where the solutions exist for the elec-
and positrons which could be created by accelerated eledron to ion temperature ratio greater than 3.5.
trons in intense wakefields7]. Electron-positron pair pro- The manuscript is organized in the following fashion. In
duction is expected to occur in post-disruption plasmas irSec. Il, we present the governing equations and construct
large tokamakg 8], as well as in next generation laser- localized BGK equilibria of the Vlasov-Poisson systems
plasma interaction experiments where quantum electrodysomprising positive and negative ions. Numerical results for
namic processes become importf@t On the other hand, a the existence of ion holes and their profiles are presented in
series of laboratory experiments have recently been corSec. lll, where we also present our simulation results for
ducted in which a pair ion plasma is created by impact ioninteracting ion holes, revealing their robustness. Section 1V
ization of a gas of fullerene & carbon nanotubell0]. By  contains conclusions and possible applications.
magnetic filtering of the plasma, electrons and ions are re-

moved and an almost pure ion plasma, consisting of singly Il. THEORY
+ - : : : '
charged G, and G, ions, is created. This poses a unique
possibility to investigate the collective behavjad] of a pair Let us first present the relevant equations for solitary

ion plasma experimentally under controlled conditions. Aphase-space holes in a plasma composed of the positively

natural product of large-amplitude electrostatic waves irand negatively charged particles, which are designated by the

plasmas is the creation of phase-space holes, in which superscriptst and, — respectively. The positivénegative

population of the particles is trapped in self-created localizegarticle has a chargg’=Z"e (q"=-Z"e), whereZ*(Z") is the

electric potentials. Schamgl2] has developed theories for charge state and is the magnitude of the electron charge.

electron and ion holes, which are spectacularly observed ifthe dynamics of a collisionless plasma is governed by the

laboratory and space plasmds3,14). Vlasov equation for the positively and negatively charged
In this paper, we present theoretical and simulation studions, i.e.,

ies of the formation and the dynamics of large-amplitude . . .

solitary phase-space holes in an ion plasma composed of iﬂ)i_i&_d’ﬂ_o (1)

positive and negative ions without electrons. Our theoretical at X M gx dv

model is based on solutions of the stationary Vlasov-Poisson

equations for phase-space holes, which are characterized

a population of negatively charged ions in a self-created lo- of~  of  apof”

calized positive electrostatic potential hump, and reflected g + 05 + X o =0, (2

positive ions on each side of the potential maximum. We

emphasize that by analogy, the theory also applies to phaseespectively, where\i=Z"m*/Z*m". The distribution func-

space holes in which positively charged ions are trapped itions for the positively and negatively charged idiisand f~

localized negative potential wells, while negative ions arehave been normalized by/V; andZ ny/ Z*Vy, respectively,

reflected on each side of the potential minimum. Furtherthe timet by w-?, the space by Ap, the velocityv by Vi,

more, we also carry out computer simulations of the time-and the potentialp by T-/Z"e. Here,m*(m") is the positive
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(negative ion massp is the equilibrium particle density of U(E)? _
negative ionsV;=(T/m")*?is the thermal speed, is the (2m) Y2exp| - > |V >y,
temperature, w,=[4mny(Z7)%€*/m ]2 is the plasma fre- (&) = L 7)
quency, anc\p=V7/w, is the Debye radius. The system is (277)‘1’2exp{— v(E) ] < y”
closed by Poisson’s equatioff¢/dx>=n"—n*, where n” ’ -

=JZ.f"dv andn*=[” f*dv. We now assume quasistationary o 12 _ 12
structures moving with a constant speagrelative to the = WNerevi(&)=up(2€7)"andv, =Uot (2¢)) . The constant
bulk plasma. Accordingly, we assume thidtand f~ only a* (to be specified latg¢rnormalizes the total positive ion
depend onv and £=x—ugt, while ¢ only depends of. With particle density to unity afg|=c«, where$=0. On each side

this ansatz, we have from Eq€l) and (2), and Poisson’s ©f the potential maximum, there are populations of positive
equation, respectively. ions which are reflected, and for which we assume a flat

particle distributionf*=f;=const. Such flat parts of the dis-
tribution function are a natural product of quasilinear diffu-

(-u 0)3 f* _id_¢f -0 3) sion processes in plasmas, or of colliding potential struc-
g€ Md¢éaw tures. The value of the flat distribution function should be
equal to that of the free positive ion particle distribution
function at the separatrices @t ¢, This gives
of” deaf” 112 2
Ug + - . O, 4 + _ At M MUO + +
(= o U)gg d§07v ) fr—a<%> exp(— 27), vi<vs<v,. (8
and For the trapped negative ions, we choose a vortex solution of
the form
2
o - f':Lexp< %—ﬁé">
d—gz—n -n. (5) v 2mi2

v_<=v=uv,, 9

The general solutions of Eq&4) and (5) are f*=f*(£*) and
f7=f7(&7), respectively, where the energy integr&s=¢  where g is the trapping parameter describing the “tempera-
— bt MW -U?/2 and & =¢mn—d+(v-Ux?3/2, and ture” of the trapped negative ions. We are interested here in
where ¢pin and ¢« are the minimum and maximum values negativeg values, corresponding to an excavated vortex par-
of the potential, respectively. Here, we will study the exis-ticle distribution.

tence of localized phase-space holes, where negatively By integrating the particle distribution functions of the
charged particles are trapped in a localized potential humgree-particle species over velocity space, we obtain the den-

Therefore, we will assume that,,,=0 at|& = and we will  sities of the free positive and negative ions| 2]
therefore omit the symbap,,,;, below. (An analogous case is M2

phase-space holes in which positive ions are trapped in a n=a exp(— UO) « [l(ﬁﬁmax‘ ¢)

negative potential well attributed by a localized potential 2T T

minimum) Positive values of* and £~ correspond to free 2

particles, while negative values correspond to reflected or K(% Pax= ¢ d’)] (10)
trapped particles. At the position whede= ¢,,,., there exist 2T T

only free positively charged ions, and following Schamel

[12], we set at this point a Maxwellian particle distribution and

for the positive ions, while af¢=c, where =0, we will W2 W2

assume a Maxwellian distribution for the negative ions. This exp( ){I(qﬁ) + K( )] , (11

gives the free-particle distribution for the positive ions,
respectively. The special functiof$2] are given by

p[ M~+(g+) ] , v>ol, 1(X) = exp(x)[1 — erf(x/?)]

fi(&) = and

+ , v<uvl, 72
2777 K(x,y) = (2xY2 712) f cogz)ex - y tarf(z)
(6) °

+x cof(2) Jerfx"? cogz)]dz

where7=T"/T", T* is the temperature of the positive ions,  The particle density of the reflected positive ions is ob-
DLEN) =Up (28T M)V, and v =ugt (2/ M)V pra— d)Y2 tained by integrating the distribution function of the reflected
For the negative ions, we have ions over velocity space, giving
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FIG. 1. The amplitude/= ¢ Of the potential for a phase-
space hole of negative ions, as a function of the spged the hole
(left pane), with B=-2 (solid line) and B=-3 (dashed ling and
the amplitude as a function ¢ (right pane), with uy=1.0 (solid
line) andup=1.15(dashed ling We used7=M =1 for all cases.

+
P =

J f:dv :(UH._Ui_)f:-

2 2

at Mug
(77—1/2(¢max_ ¢)1/2€'XP<— T

)

while the density of the trapped negative ions is

2 2
4—%ﬂMb«—ﬁ@”%, (13

=————ex
(B
whereWp(x) =exp(—x?) [3 exp(t?)dt is the Dawson integral.
The total positive ion densities are normalized to unity,
where ¢=0. Consequently, the condition that the total ion
densityn*=n;+n{=1, where$=0, gives the normalization

T

The total particle densities =n;+n; and n*=n{+n; in-
serted into Poisson’s equati@b) give an equation for the
self-consistent electrostatic potential.

N

Mud
2T

2pax
(777) 1/2

MU m) 1
2T ' T '

Ill. NUMERICAL RESULTS

Figures 1-4 display numerical solutions of E§) with
the particle densities given in Eq4.0—(13). We have used
here 7= M =1, which is typical for an isothermal pair ion
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FIG. 2. The phase-space hole potentigbper pang| the den-
sity of the negatively charged iorimiddle panel, and of the posi-
tive ions(lower panel as a function o€, for up=1 andg=-2 (solid
lines), for up=1 andB=-3 (dashed lines and foruy=1.15 andgB
=-2 (dash-dotted lines We used7=M =1 for all cases.

proximately 1.3. The hole potential decreases with larger
negative values oB. The profiles of the potential and par-
ticle densities are shown in Fig. 2 for typical valuesigfind

B. We see that the width of the localized pulses is of the
order of 20 ion Debye radii, and that the phase-space hole is
characterized by a correlated depletion of the densities of
both the positive and negative ions. To compare with the
experimental conditionglQ] of a fullerene plasma with the
temperature 1.5 eV, the values ¢fand ¢ in Figs. 1 and 2
should be multiplied by 1.5 to obtain the corresponding val-
ues of ~1-3 V, and we note that the pulse width corre-
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FIG. 3. The separatrices between free and trapped negatively

plasma. Figure 1 shows how the amplitude of the potentia&harged ions in phas@lv) Space(upper pane%and the separa-
depends omi, and 3. We see that phase-space holes typicallytrices between free and reflected positively charged ilmveer pan-
have speeds close to the ion thermal speed, sougratl. ely), for up=1 andB=-2 (left panel3, for u,=1 ands=-3 (middle
The amplitude of the phase-space hole potential decreaseanel$, and for uy=1.15 andgB=-2 (right panel. We used7T
with increasing speeds and vanishes @igrlarger than ap- =M=1 for all cases.
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FIG. 4. The particle distribution function for negatively charged
ions (upper panelsand for positively charged iori®ower panelgin > > 0 e
phase(¢,v) space, forug=1 andB=-2 (left panels, for up=1 and 01
B=-3 (middle panels and foruy=1.15 andB=-2 (right panels. 2
We used7=M =1 for all cases. 0
160 180 200 220 240 160 180 200 220 240
X
sponds to~4 cm in the experiment where the ion Debye 240 04 £240
radius was~0.2 cm. In Fig. 3, we show the separatrix in 2 s
(&,v) space between the free particles and the trapped nege 02
tive ions and reflected positive ions for the same set of pa> 8 02 > 0
rameters as in Fig. 2. The corresponding phase-space dens | 0.1
ties of the particle species are shown in Fig. 4. We see the 2
trapped particle distribution, which is characterized by a l10- 240 260 280 300 320 ° 240 260 280 300 320 °
cal depletion in phase space in the upper panels of Fig. 4, X X

while the reflected, ﬂ‘fﬂ particle distrib_ution i_s clearly Seen _in FIG. 5. The patrticle distribution function for negatively charged
the lower panels of Fig. 4. In order to investigate the stability; ¢ (left panels and for positively charged iongight panels in

and dynamics C_)f Iarge—amplitud.e p,h‘_"‘_se'SpaC?_ holes, we ha}ﬁﬁase(x,v) space for interacting phase-space holes, at different
solved the original Eqg1)—(3) with initial conditions corre-  ies.

sponding to the casg=1 andB=-2 in Figs. 1-4. In Fig. 5,

we observe nonlinear interactions between two Iarge-X eriments[10,11] involvin ositivelv and neaqativel
amplitude phase-space holes, which were initially placeue P ’ 9gp y 9 y

near each other. The two propagating phase-space holggarged fullerene carbon balls, the phase-space holes have

merge and form one single phase-space hole, which survive(sjézes of the order 4 cm, correlated with a potential hump or

until the end of the simulation. It, therefore, seems that Ip of the order 1-3V, and where the densities of both

phase-space holes in pair ion plasmas can be long-lived arP@rtiCl.e species are depleted locally. We suggest that future
nonlinearly interacting holes tend to collide inelastically angSperiments Sh.OU|d consider the pos_5|t_)|l|ty of observing our
merge into a new hole, similar to an electron hole in anproposed new ion hole structures, similar to what has been

electron-ion plasma. The numerical code used to F>roducg:)em§j %gﬁgﬂﬂﬁ'&gﬁ%ﬂ Igjsrnf’;ugz'&‘gu?égi%ﬁigtagﬁ’
Fig. 5 is based on a Fourier transform method in velocity. y ) P . ye
space15]. induced solitary pulsggdue to local production of massive

ions. Finally, our results are also relevant for understanding
the salient features of coherent nonlinear structures and their
IV. CONCLUSION dynamics in both electron-positron plasni@#], as well as
éor plasmas in which positively and negatively charged dust

In conclusion, we have presen n investigation of th ! .
conclusion, we have presented al estigation of t Grains coexisf18-20.

formation and dynamics of phase-space holes in a pal
plasma. We find that in a plasma with equal masses and ACKNOWLEDGMENTS
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